carried by the tail current to 66 Ϯ 5 and 67 Ϯ 6% of the control value. Lowering of the pipette Na ϩ concentration from 16 to 10 or 0 mM reduced Ca 2ϩ extrusion from the cell from 2.5 Ϯ 0.2 to 1.0 Ϯ 0.2 and 0.5 Ϯ 0.06 amol/pF. With 20 M exchanger inhibitory peptide (XIP) in the patch pipette Ca 2ϩ extrusion 20 min after patch break was 39 Ϯ 8% of its initial value. With 16, 10, and 0 mM Na ϩ in the pipette, the sarcoplasmic reticulum (SR) Ca 2ϩ content was 47 Ϯ 4, 29 Ϯ 6, and 10 Ϯ 3 amol/pF, respectively. Removal of Na ϩ from or inclusion of 20 M XIP in the pipette gradually eliminated the SR Ca 2ϩ content. Whereas I Ca was the same at Ϫ10 or ϩ10 mV, Ca 2ϩ extrusion from the cell and the SR Ca 2ϩ content at Ϫ10 mV were 65 Ϯ 7 and 80 Ϯ 4% of that at ϩ10 mV. The relative amount of Ca 2ϩ extruded by the NCX (about 55%) and taken up by the SR (about 45%) was, however, similar with depolarizations to Ϫ10 and ϩ10 mV. We conclude that modulation of the NCX activity critically determines Ca 2ϩ entry and cell shortening in trout atrial myocytes. This is due to both an alteration of the transsarcolemmal Ca 2ϩ transport and a modulation of the SR Ca 2ϩ content.
content in rainbow trout atrial myocytes. Am J Physiol Regulatory Integrative Comp Physiol 279: R1856-R1864, 2000.-We have used the whole cell configuration of the patch-clamp technique to measure sarcolemmal Ca 2ϩ transport by the Na ϩ /Ca 2ϩ exchanger (NCX) and its contribution to the activation and relaxation of contraction in trout atrial myocytes. In contrast to mammals, cell shortening continued, increasing at membrane potentials above 0 mV in trout atrial myocytes. Furthermore, 5 M nifedipine abolished L-type Ca 2ϩ current (I Ca ) but only reduced cell shortening and the Ca 2ϩ carried by the tail current to 66 Ϯ 5 and 67 Ϯ 6% of the control value. Lowering of the pipette Na ϩ concentration from 16 to 10 or 0 mM reduced Ca 2ϩ extrusion from the cell from 2.5 Ϯ 0.2 to 1.0 Ϯ 0.2 and 0.5 Ϯ 0.06 amol/pF. With 20 M exchanger inhibitory peptide (XIP) in the patch pipette Ca 2ϩ extrusion 20 min after patch break was 39 Ϯ 8% of its initial value. With 16, 10, and 0 mM Na ϩ in the pipette, the sarcoplasmic reticulum (SR) Ca 2ϩ content was 47 Ϯ 4, 29 Ϯ 6, and 10 Ϯ 3 amol/pF, respectively. Removal of Na ϩ from or inclusion of 20 M XIP in the pipette gradually eliminated the SR Ca 2ϩ content. Whereas I Ca was the same at Ϫ10 or ϩ10 mV, Ca 2ϩ extrusion from the cell and the SR Ca 2ϩ content at Ϫ10 mV were 65 Ϯ 7 and 80 Ϯ 4% of that at ϩ10 mV. The relative amount of Ca 2ϩ extruded by the NCX (about 55%) and taken up by the SR (about 45%) was, however, similar with depolarizations to Ϫ10 and ϩ10 mV. We conclude that modulation of the NCX activity critically determines Ca 2ϩ entry and cell shortening in trout atrial myocytes. This is due to both an alteration of the transsarcolemmal Ca 2ϩ transport and a modulation of the SR Ca -induced Ca 2ϩ release with the sarcoplasmic reticulum (SR) contributing with the major part of the total Ca 2ϩ , whereas the transsarcolemmal Ca 2ϩ flux primarily serves as a trigger for the Ca 2ϩ -induced Ca 2ϩ release (12). Furthermore, Ca 2ϩ current is thought to be the main Ca 2ϩ trigger source under physiological conditions (5, 7, 24, 28) . Na ϩ /Ca 2ϩ exchanger (NCX) also has been reported to contribute to the activation of contraction under certain experimental conditions (10, 15, 23, 37) . The relative contribution of transsarcolemmal Ca 2ϩ flux and the SR to the activation of contraction varies among species (13, 19, 30) . Thus in the rabbit and guinea pig heart transsarcolemmal Ca 2ϩ flux has been estimated to account for 30-35% of the total Ca 2ϩ (3, 32) , whereas the SR contributes with more than 90% in the rat heart (3, 7) . It recently has been reported that overexpression of the NCX in transgenic mice results in a larger contribution of the NCX to the activation of contraction and an increased SR Ca 2ϩ load (31). It does, however, seem clear that the contribution of the NCX to the activation of contraction is limited under physiological conditions in mammalian myocytes (23, 28, 29, 31) , although quantitative studies of Ca 2ϩ transport by the NCX in intact cell, under physiological conditions, are difficult because of interference from the SR and the L-type Ca 2ϩ current (I Ca ). In contrast to this, transsarcolemmal Ca 2ϩ flux has been reported to play a more important role in the activation of contraction in the neonate (21, 38 ) and the lower vertebrate heart (11, 33, 36) . The evidence for the importance of transsarcolemmal Ca 2ϩ flux in the lower vertebrate heart has to a large extent been based on ultrastructural studies (27) and quantitative information from the amphibian heart (14, 26) , whereas the information available for other lower vertebrates has been largely qualitative (11, 33) . Recent studies in a few teleost species have, however, quantified transsarcolemmal Ca 2ϩ transport in isolated myocytes (20, 35, 36) . Furthermore, characterization of Ca 2ϩ transport by the trout NCX has been done in vitro (34), and recently the NCX from trout heart has been cloned and expressed in oocytes (39). Together, these results suggest that sarcolemmal Ca 2ϩ flux may indeed also be important in the carp heart (35, 36), although I Ca alone is not sufficient to activate contraction in trout cardiomyocytes (20) . In agreement with this, we also have found that the SR could contribute significantly to the activation of contraction in trout cardiac myocytes (16, 19) . Furthermore, these results suggested that the NCX could account for about 50% of the transsarcolemmal Ca 2ϩ influx in trout. The present study was designed to quantify Ca 2ϩ transport by the NCX and to determine its role in the activation of contraction and SR Ca 2ϩ loading in an animal species where the Ca 2ϩ influx through the NCX is expected to be quantitatively important.
METHODS
Cell isolation. Trout (Oncorhynchus mykiss) atrial myocytes were obtained by enzymatic digestion of the heart as described previously (18) . The experimental protocol for cell isolation has been approved by the Ethical Commission on Animal and Human Experimentation at Univestitat Autò noma de Barcelona (DARP 1017). Briefly, the fish were killed by a blow to the head and decapitation. A cannula was then inserted into the ventricle and the heart was rinsed for 5-10 min and then perfused for 40 min at 20°C with a nominally Ca 2ϩ -free Tyrode containing 50 M EGTA, 37.5 M Ca 2ϩ , 0.1 mg/ml collagenase (Yakult, Japan), 0.1 mg/ml trypsin (Sigma), and 0.5 mg/ml BSA. At the end of the digestion, the atrium was cut off the ventricle, agitated gently, and filtered through a nylon mesh. Ca 2ϩ was gradually increased to 750 M, and cells were stored at 6°C.
Electrophysiological measurements. Ionic currents were measured using a software driven patch-clamp amplifier (EPC-9, Heka, Germany). After seal formation, the cell was lifted up from the bottom of a petri dish and placed in front of one of eight capillaries containing the desired extracellular solution. Standard internal and external solutions were used to eliminate Na ϩ and K ϩ and Na ϩ -K Experimental protocols. The cell was stimulated continuously, using a 200-ms depolarization from a holding potential of Ϫ80 to 0 mV given every 8 s. This stimulation protocol allowed examination of I Ca and the tail current (I tail ) elicited on repolarization to Ϫ80 mV. Furthermore, the dependency of the membrane currents on membrane potential was examined by consecutive 200-ms depolarizations to different test potentials from a holding potential of Ϫ80 mV. Inhibition of the NCX was done by inclusion of 20 M exchanger inhibitory peptide in the pipette solution or by changing the pipette solution to a nominally Na ϩ -free solution during the experiment. Unless otherwise stated, the Ca 2ϩ carried by I tail was obtained from the time integral of the difference between the I tail and the steady-state holding current at Ϫ80 mV.
Measurement of cell contraction. Cell contraction was recorded on videotape, and the maximal cell shortening was determined manually from the video monitor off line.
Statistics. Statistical significance of the results was tested using Student's t-test for paired or unpaired samples.
RESULTS

Quantification of Ca
2ϩ carried by the NCX in trout atrial myocytes. To characterize the current that can be attributed to the NCX (I NCX ), we first used a standard 200-ms depolarization to 0 mV from a holding potential of Ϫ80 mV given every 8 s. After stabilization of the ionic currents, the I Ca amplitude was determined as the difference between the peak inward current and the current measured at the end of the pulse. Furthermore, the current measured at the end of the depolarizing pulse was used as a measure of the I NCX amplitude. Figure 1A shows a typical current trace elicited by a 200-ms depolarization from Ϫ80 to 0 mV under control conditions (a), in the presence of 5 M nifedipine (Nif, b), and with Nif ϩ 10 mM NiCl 2 (c). Figure  1B shows the effects of Nif and NiCl 2 on I Ca and the current at the end of the depolarization. Notice that Nif abolished I Ca , whereas I tail was reduced and the current at the end of the pulse was unaffected. Addition of NiCl 2 together with Nif strongly reduced I tail and abolished the current at the end of the depolarization. Figure 1C compares the Ca 2ϩ carried by I tail and cell shortening in the absence and presence of Nif. On average Nif reduced the Ca 2ϩ carried by I tail and the cell shortening to 67 Ϯ 6 (n ϭ 15) and 66 Ϯ 5% (n ϭ 10) of their respective control values. Addition of both Nif and NiCl 2 abolished contraction (not shown). Figure 2A shows superimposed current traces recorded in the absence and the presence of 5 M Nif. To obtain the net current resulting from Ca 2ϩ entry through I Ca , the Nif trace was subtracted from the corresponding control trace (Fig. 2B) . The time integral of this net trace during depolarization and repolarization (Fig. 2C) gives the Nif-sensitive Ca 2ϩ entry through I Ca and the corresponding Nif-sensitive Ca 2ϩ extrusion during repolarization. Figure 3 compares the sarcolemmal Ca 2ϩ entry and extrusion arising from I Ca and the NCX. As seen in Fig. 3A , the amount of Ca 2ϩ entering through I Ca was not significantly different from the Nif-sensitive Ca 2ϩ extrusion, suggesting that the cell was near a steady-state condition. The same approach was therefore used to determine the amount of Ca 2ϩ carried by the NCX, by subtraction of the current measured with Nif ϩ NiCl 2 from that measured in the presence of Nif alone. Figure 3B shows that also the Nif-insensitive transsarcolemmal Ca 2ϩ entry and extrusion were similar. A comparison of the amount of Ca 2ϩ carried by I Ca and I NCX ( Fig. 3C ) shows that the contribution by the two mechanisms is similar when the cell is depolarized from Ϫ80 to 0 mV. Furthermore, the sum of the amount of Ca 2ϩ entering through I Ca and I NCX (labeled In) is not significantly different from the total amount of Ca 2ϩ extruded by the NCX during I tail (labeled Out). Figure 4 shows the dependency of I Ca and I NCX on the test potential used to stimulate the cell. Figure 4A shows superimposed current traces in the absence (E) and presence (F) of 5 M Nif at increasing test potentials. Nif inhibited I Ca at all potentials, whereas the current at the end of the depolarization was not affected. Furthermore, I tail increased steadily with membrane potential both in the absence and the presence of Nif. Figure 4 , B and C, summarizes the voltage dependency of the amount of Ca 2ϩ carried by I Ca and I NCX , respectively (n ϭ 7). The amount of Ca 2ϩ carried by the two currents was determined as described in Fig. 2 . The voltage dependency of the amount of Ca 2ϩ carried by I tail under control conditions is shown in Fig. 4D . If the cell is at steady state, the transsarcolemmal Ca 2ϩ influx should be balanced by the Ca 2ϩ extrusion from 2ϩ influx due to reverse mode NCX activity. In, the sum of these 2 parameters; Out, obtained from the difference between I tail in control and with Nif ϩ NiCl 2 . All values were normalized to the cell capacitance (n ϭ 7). the cell and Ca 2ϩ influx through the NCX can therefore be calculated as the difference between the total Ca 2ϩ extruded from the cell (i.e., I tail ) and the Ca 2ϩ entering through I Ca . The voltage dependency of this difference current is shown in Fig. 4E . Notice that the voltage dependency of the amount of Ca 2ϩ carried by I NCX was different depending on the approach used (Fig. 4, C  and E) . Possibly, the difference is due to the fact that the pharmacological approach in Fig. 4C excludes an interaction between I Ca and I NCX , whereas it is present when using the approach in Fig. 4E . When normalizing the Ca 2ϩ carried by I Ca and I NCX (from Fig. 4E ) to the Ca 2ϩ carried by I tail , the relative amount of Ca 2ϩ carried by I Ca reaches a maximum at Ϫ10 mV, corresponding to 54 Ϯ 10% of the total Ca 2ϩ extruded during I tail . Because the amount of Ca 2ϩ carried by the NCX depends critically on membrane potential, contraction is expected to show a similar voltage dependency if the NCX participates in the activation of contraction. We therefore examined the relationship between the measured ionic currents and the cell shortening elicited by a depolarization. Figure 5A compares the voltage dependency of cell shortening in the absence and presence of 5 M Nif. Notice that both the charge carried by I tail (Fig. 4D ) and the contraction increased with more positive membrane potentials (Fig. 5A ). As can be seen from Fig. 5B there was a linear relationship between the Ca 2ϩ carried by I tail and the cell shortening when I Ca was inhibited with Nif. A linear regression through the points obtained in the absence of Nif when depolarizing the cell to potentials between Ϫ60 to Ϫ10 mV gave a slope of Ϫ22%amol/pF, whereas the regression line in the presence of Nif had a slope of Ϫ11%amol/pF. This suggests that a given amount of Ca 2ϩ delivered by I Ca is more efficient at activating contraction as the same amount of Ca 2ϩ delivered by the NCX. Because simultaneous inhibition of SR Ca 2ϩ uptake and the NCX prevents relaxation of trout cardiac myocytes, we examined the influence of manipulation of the NCX activity on the transsarcolemmal Ca 2ϩ flux and on the SR Ca 2ϩ load. First, we used an intracellular perfusion system that allows changes in the pipette Na ϩ concentration ([Na Figure 6B shows how the amount of Ca 2ϩ carried by I tail (F) diminished after changing the pipette solution to a nominally Na ϩ -free solution. For comparison, the amount of Ca 2ϩ carried by I Ca in the same experiment (E) did not change much, suggesting that the decrease was not due to a general rundown of ionic currents. On average, the Ca 2ϩ carried by I tail (after a 200-ms depolarization to 0 mV) was reduced to 44 Ϯ 5% of the value with 16 mM Na ϩ (n ϭ 6) 20 min after switching to a nominally Na ϩ -free solution. In contrast, the Ca 2ϩ carried by I Ca was 108 Ϯ 11% of the value with 16 mM Na ϩ . Figure  6C To calculate the effect of the pipette [Na ϩ ] on the SR Ca 2ϩ content, we used intermittent brief exposures of the cells to 10 mM caffeine (Caf). Figure 7A shows Caf-induced NCX currents before and 5 and 15 min after changing the pipette [Na ϩ ] from 16 to 0 mM. As can be seen, the current amplitude diminished after switching to 0 mM Na ϩ , and Fig. 7B shows the reduction in the amount of Ca 2ϩ carried by the Caf-induced NCX current. On average, the SR Ca 2ϩ content 20 min after changing the pipette solution to 0 Na ϩ was reduced to 57 Ϯ 9% of the initial value with 16 mM Na ϩ in the pipette (P Ͻ 0.001, n ϭ 6). Figure 7C compares the dependency on the pipette [Na ϩ ] of the amount of Ca 2ϩ carried by I tail after a 200-ms depolarization to ϩ50 mV and the amount of Ca 2ϩ released from the SR with 10 mM Caf. Both the amount of Ca 2ϩ extruded during I tail and that released from the SR decreased significantly with lower [Na ϩ ] in the patch pipette. Finally, to examine the Ca 2ϩ extrusion across the sarcolemma and Ca 2ϩ uptake in the SR under conditions where SR Ca 2ϩ content and uptake could be determined, we first cleared the SR Ca 2ϩ content with a brief exposure of the cell to 10 mM Caf. The cell was then stimulated with 20 depolarizations to Ϫ10 mV at a rate of 0.5 Hz. After this, the cell was again exposed to Caf to determine the Ca 2ϩ taken up by the SR. The cell was then stimulated with another 20 depolarizations to ϩ10 mV followed by a final exposure to 10 mM Caf. Figure 8A shows schematically the stimulation protocol, and Fig. 8B shows the corresponding Ca 2ϩ movements. Ca 2ϩ entry through L-type Ca 2ϩ channels during each depolarization was calculated from I Ca and Ca 2ϩ extrusion at the resting potential was calculated from I tail as described in Fig. 2 . The bar diagram in Fig.  8B corresponds to the cumulative sum of Ca 2ϩ entry through I Ca and Ca 2ϩ extrusion during I tail . Thus a bar above the 0 line in Fig. 8B corresponds to a net Ca 2ϩ gain in the cell, whereas a bar below the 0 line corresponds to a net Ca 2ϩ loss from the cell. Notice that although there was an apparent cumulative net Ca 2ϩ loss after 20 pulses, Caf was still able to liberate a large amount of Ca 2ϩ from the SR. This then suggested that an additional amount of Ca 2ϩ had entered the cell through the NCX during each depolarization. To calculate the Ca 2ϩ entering through the NCX, the total amount of Ca 2ϩ entering through I Ca (labeled I Ca ), extruded by the NCX (labeled I tail ) and liberated from the SR (labeled Caf) after the 20-stimulation pulses was calculated (Fig. 8C) . Because the sarcolemmal Ca 2ϩ pump plays a minor role in trout heart cells (18) and the SR was emptied before the first depolarization, the total amount of Ca 2ϩ entering the cell through the NCX (labeled I NCX in Fig. 8C ) should equal the total amount extruded during I tail plus the amount liberated from the SR minus the total amount entering through I Ca . The values obtained with 20 depolarizations to Ϫ10 and ϩ10 mV are shown as the open and the solid bars for each of the four parameters. Notice that the amount of Ca 2ϩ entering through the NCX with a depolarization to Ϫ10 mV was 48 Ϯ 11% of the value obtained when depolarizing ϩ10 mV (P Ͻ 0.01, n ϭ 6). In the same way the amount of Ca 2ϩ extruded by I tail and released from the SR at Ϫ10 mV was 65 Ϯ 7 and 80 Ϯ 4% of the corresponding values at ϩ10 mV (P Ͻ 0.01, n ϭ 6 for both values). On the contrary, no significant difference was found for the amount of Ca 2ϩ entering through I Ca at the two potentials. When comparing the amount of Ca 2ϩ accumulated by the SR with the total amount of Ca 2ϩ entering the cell (which should correspond to I tail ϩ Caf), we found that the SR accumulates about 45% of the total Ca 2ϩ , whereas the remaining 55% are extruded from the cell by the NCX. This value was not significantly different at the two potentials examined (43 Ϯ 4% at Ϫ10 mV and 49 Ϯ 5% at ϩ10 mV, n ϭ 6).
DISCUSSION
Ca
2ϩ influx through the NCX. All the experimental protocols used in this study support a significant contribution of the NCX to the activation of contraction in trout atrial myocytes. Thus the relationship between voltage and cell shortening shows that contraction increases steadily with more positive membrane potentials both in the absence and presence of Nif. This is in contrast to mammalian cardiac myocytes where the relationship is bell shaped and both cell shortening and Ca 2ϩ transient follow the relationship between I Ca and voltage (5, 7, 24) . Furthermore, with a 200-ms depolarization pulse to 0 mV, both cell shortening and the amount of Ca 2ϩ carried by I tail are only reduced by about 35% when I Ca is inhibited with 5 M Nif. This agrees with results from the neonate mammalian heart (38) that appears to depend more strongly on transsarcolemmal Ca 2ϩ entry (21, 38) . Finally, inhibition of the NCX with XIP or by perfusion the cell with an Na ϩ -free solution reduced both the sustained outward current at the end of the depolarization and I tail during repolarization to Ϫ80 mV.
Quantification of Ca 2ϩ influx through the NCX. To determine quantitatively the contribution of the NCX to the activation of contraction we used two different approaches. The first approach was based on a pharmacological dissection of I Ca and the NCX using Nif to inhibit I Ca and Nif ϩ NiCl 2 to eliminate both I Ca and I NCX . Theoretically, the Ca 2ϩ entering through the NCX when I Ca is inhibited should then match the Ca 2ϩ extruded by the NCX during I tail on return to Ϫ80 mV when the cell is at a steady state. In agreement with this, we find that there is no significant difference between transsarcolemmal Ca 2ϩ entry and extrusion due to either I Ca or I NCX (see Figs. 2 and 3) . Furthermore, the sum of the Ca 2ϩ entering through the I Ca and the NCX is not significantly different from the total Ca 2ϩ extruded during I tail (see Fig. 3 ). With this pharmacological dissection I Ca and I NCX could account for 41 and 59% of the sarcolemmal Ca 2ϩ influx, respectively (at 0 mV and with 16 mM Na ϩ in the patch pipette).
The use of a pharmacological dissection of the ionic currents could, however, bias the quantification of the sarcolemmal Ca 2ϩ entry. Thus inhibition of I Ca with Nif may lead to an overestimation of the Ca 2ϩ influx through the NCX because it eliminates Ca 2ϩ entry through I Ca and possibly also Ca 2ϩ release from the SR. To avoid this, we used another approach where the Ca 2ϩ entry through I Ca was subtracted from the time integral of I tail (described in Fig. 4 ). With this approach released from the SR by Caf. Ca 2ϩ entry due to reverse mode NCX (I NCX ) was calculated as I tail ϩ Caf Ϫ I Ca . Open bars, values obtained at Ϫ10 mV; solid bars, at ϩ10 mV (n ϭ 6). * Significant difference between values obtained at Ϫ10 and ϩ10 mV (P Ͻ 0.01).
Ca 2ϩ entry through the NCX, at 0 mV, was 51% of the Ca 2ϩ carried by I tail . The small difference between the Ca 2ϩ entry through the NCX with the two approaches then suggests that I Ca has a relatively small effect on Ca 2ϩ entry through the NCX at 0 mV. At potentials negative to Ϫ10 mV I Ca does, however, appear to produce a more significant dampening of Ca 2ϩ entry through the NCX (see Fig. 4E ), which coincides with the steeper relationship between total sarcolemmal Ca 2ϩ entry and contraction at these potentials (Fig. 5) .
It is important to point out that while the Ca 2ϩ entry through the NCX may account for about 50% of the transsarcolemmal Ca 2ϩ flux (Figs. 1 and 6 ), this only amounts to 20-25% of the total Ca 2ϩ required to activate a normal contraction in trout atrial myocytes (Ref. 19 and Fig. 8) . In contrast to this, inhibition of I Ca with 5 M Nif only reduced contraction by 35%, suggesting that NCX can account for 65% of a normal contraction. In this respect it should, however, be borne in mind that the contraction measured in the presence of Nif can result from both Ca 2ϩ entry through the NCX and Ca 2ϩ release from the SR.
Dependency of Ca 2ϩ influx through the NCX on [Na ϩ ] and membrane potential. As expected from an electrogenic NCX (2, 9, 22) , the relative contribution of the NCX to the activation of contraction depended on both the membrane potential and the [Na ϩ ] in the patch pipette. Thus a reduction in the pipette Na ϩ from 16 to 10 mM decreased Ca 2ϩ entry through NCX by 58%, resulting in an increase in the relative contribution of I Ca to the activation of contraction. In agreement with this, we previously have found that changes in the extracellular [Na ϩ ] alter the steady-state contraction in multicellular trout ventricular preparations (17) . In the same way an increase in the membrane potential, used to activate cell shortening, from Ϫ10 to ϩ10 mV increased the Ca 2ϩ entering through the NCX, whereas Ca 2ϩ influx through I Ca was unaltered (see Fig. 8 ). The net result of increasing the membrane potential was therefore a 40% increase in the total transsarcolemmal Ca 2ϩ influx, whereas the relative contribution of I Ca was diminished by 30%. Indeed, the relationship between voltage and transsarcolemmal Ca 2ϩ flux shows that the relative amount of Ca 2ϩ carried by I Ca in trout reaches a maximum at Ϫ10 mV (see Fig. 4 ) where it accounts for 54% of the total Ca 2ϩ influx. Between ϩ10 and ϩ20 mV, which is the plateau range for the action potential in trout at 20°C (25) , I Ca only accounts for 27-39% of the total Ca 2ϩ entry across the sarcolemma.
This then suggests that relatively small alterations in the action potential shape or duration may have a significant impact on the Ca 2ϩ entry through the NCX and indirectly on the SR Ca 2ϩ load. In this respect, the relative importance of the NCX would be expected to increase further at lower temperatures, where the action potential is significantly longer (25) , whereas the activity of the NCX is expected to decrease little due to its low-temperature sensitivity (34). (18) . This loading increases with the length of the depolarization and the membrane potential at which loading occurs, suggesting that the loading occurs by Ca 2ϩ influx through the NCX. It is therefore possible that the NCX is important in the regulation of the SR Ca 2ϩ load. The stimulation pulses used in that study were unphysiologically long, but the present study shows that the NCX does also regulate the SR Ca 2ϩ load with physiological stimulation pulses. Thus the steady-state SR Ca 2ϩ content depended critically on the pipette [Na ϩ ]. Furthermore, the SR Ca 2ϩ load reached after 20 stimulation pulses was 20% smaller with a depolarization to Ϫ10 mV than that with a depolarization to ϩ10 mV, although the Ca 2ϩ entry through I Ca was similar (see Fig. 8 ). Finally, inhibition of the NCX with XIP or a nominally Na ϩ -free pipette solution led to a gradual depletion of the SR Ca 2ϩ content.
In conclusion, our results show that the NCX plays a central role in the regulation of the cytosolic Ca 2ϩ and contraction in trout atrial myocytes. This regulation occurs both through a direct regulation of the Ca 2ϩ entering through the NCX during depolarization and indirectly through a regulation of the SR Ca 2ϩ content. Thus the sarcolemmal Ca 2ϩ entry depends critically on the intracellular [Na ϩ ] and the membrane potential, with the entry at Ϫ10 mV being one-half of that at ϩ10 mV. In the same way, the SR Ca 2ϩ content increases when the NCX is stimulated while a gradual but complete loss of the SR Ca 2ϩ content occurs when it is inhibited.
Perspectives
The understanding of the regulation of cytosolic Ca 2ϩ in the lower vertebrate heart and in the fish heart in particular has improved strongly during the last few years due to a burst in the quantitative information about Ca 2ϩ transport across the sarcolemma and Ca 2ϩ release from the SR. Until now, the focus has largely been on L-type Ca 2ϩ channels and Ca 2ϩ release from the SR. The present characterization of the Na ϩ /Ca 2ϩ -exchange current and its role in the regulation of contraction and SR Ca 2ϩ content should therefore contribute with another important piece of information. Together with the recent cloning of the trout heart NCX (39) this also should provide the basis for a further exploration of its importance in the regulation of the cytosolic Ca 2ϩ and contraction in the lower vertebrate heart. 
